The objective of the present study was to characterize the polycyclic aromatic 18 hydrocarbons (PAHs) content of an aged contaminated soil and to propose remediation 19 techniques using cyclodextrins (CD). Four CDs solutions were tested as soil 20 decontamination tool and proved more efficient in extracting PAHs than when an 21 aqueous solution was used; especially two chemically modified CDs resulted in higher 22 extraction percentages than natural β-CD. The highest extraction percentages were 23 obtained for 3-ring PAHs, because of the appropriate size and shape of these 24 compounds relative to those of the hydrophobic cavities of the CDs studied. 
Introduction 40 41
Polycyclic aromatic hydrocarbons (PAHs) are persistent organic compounds that can 42 accumulate in soils. Soils from coal storage areas, coke oven plants, manufactured and the solubility of the organic contaminant, bioavailability will be improved, and 59 hence, the potential remediation of contaminated soils and groundwater. To enhance the 60 desorption rate of organic pollutants various extraction agents have been used, such as 61 solvent mixtures (e.g., ethanol/water and methanol/water) and various types of 62 surfactants. The health and environmental hazards associated with the use of surfactants 63 have been described in detail in the literature (Ying, 2006) . 64 6 solvated and conditioned prior to sample loading with 40 mL of hexane-142 dichloromethane (1:1). After addition of the extracts, the analytes were eluted with 40 143 mL of hexane-dichloromethane (1:1). The eluents were concentrated to a volume of less 144 than 1 mL using a Turbo Vap LV evaporator and transferred to amber glass 145 chromatographic vials. Then, the extracts were evaporated to near dryness and 146 reconstituted with hexane to a final volume of 1 mL. At this stage, anthracene-d 10 min, the target compounds were liquid-liquid extracted (LLE) from a 3 mL aliquot of 162 the supernatant with 3 mL of hexane, and 1 mL of the organic phase was transferred to 163 an amber glass vial. At this stage, anthracene-d 10 was added to each vial before analysis 164 to a final concentration of 1 µg mL -1 . The remainder of the supernatant was decanted, 165 and then, the same amount of a fresh electrolyte solution or CDs solutions was added. 166
The extractions were carried out three times in total, and the extracts were analysed 167 individually. 168 169
Instrumental analysis 170
The samples were analysed using a GC system (Agilent GC 6890 N) coupled with a 171 quadrupole mass spectrometer (MS, Agilent MD 5975B). This system was operated in 172 electron ionization mode (EI 70 eV). Separation was achieved with a 30 m x 0.25 mm7 to increase from 80ºC (holding time 1 min) to 175ºC at 6ºC/min (holding time 4 min), to 176 235ºC at 3ºC/min and finally to 320ºC at 8ºC/min. The final temperature was held for 5 177 min. Two microlitres were injected using the splitless mode. Helium was used as carrier 178 gas (50 cm/s). The injector, transfer line and ion source temperatures were set at 280ºC, 179 250ºC and 200ºC, respectively. For increased sensitivity and specificity, quantification 180 was performed with time scheduled Selected Ion Monitoring (SIM) using three ions for 181 each compound. For exhaustive extraction of soil, internal standard quantification was 182 performed using the surrogate deuterated PAHs present in each elution window. For 183 non exhaustive extraction, quantification was performed using the internal standard anthracene and fluoranthene were the PAHs that exhibited the greatest differences in the 291 extraction percentages obtained using Ca(NO 3 ) 2 (4 %, 2 % and 0.5 %, respectively) and 292 using HP-β-CD (27 %, 26 % and 6 %, respectively) or RAMEB (26 %, 27 % and 8 %, 293 respectively) solutions. In the case of pyrene, the greatest difference (from 0.25 to 7.2 294 %) was obtained using HP-γ-CD solutions. In general, for the 3-ring PAHs tested 295 (acenaphthene, fluorene, phenanthrene and anthracene), the extraction efficiencies of β-296 CD and its derivatives were ranked in the following order: RAMEB ≥ HP-β-CD >> β-297 CD. 298 299 Table 2 shows the percentages of PAHs (by number of rings) extracted from the soil 300 using the Ca(NO 3 ) 2 , β-CD, HP-β-CD, RAMEB and HP-γ-CD solutions. When the β-CD 301 solution was used, the extraction percentage of 3-ring PAHs increased (from 4.71 to 302 9.02%), but 4-ring PAHs had extraction percentages lower than 1%, very similar to the 303 result obtained when using the Ca(NO 3 ) 2 solution. With the HP-β-CD and RAMEB 304 solutions, the highest extraction percentages were obtained for 3-ring PAHs (26.57 and 305 26.38 %, respectively), and the extraction percentages were much lower for 4-ring 306 PAHs (4.85 and 6.36 %, respectively). With the HP-γ-CD solution, the extraction 307 the case of HP-γ-CD, the PAH extraction percentages were in the order of 3-ring > 4-311 ring ≥ 2-ring > 5-ring. 312 313
The differences observed in the PAH extraction percentages when using CDs were most 314 likely due to the combination of several factors. First, 3-ring PAHs were the most 315 abundant in the polluted soil (approximately 57% of the total PAH content). Wu et al. 316 (2010) found that the most polluted soil sample had the highest PAH extraction 317 percentage (60% of the PAH content), whereas in samples with lower PAH 318 concentrations, the percentages extracted were much lower (2-8 %). Therefore, the total 319 PAH concentration is an important factor affecting the removal of PAHs from 320 contaminated soils. hydrophobicity indicates a greater tendency to remain adsorbed to organic matter in the 369 soils. For this reason the system is very unlikely to be in equilibrium. Although the 370 incorporation of the contaminant molecules into the CD cavities is rather fast, the 371 desorption of the compounds from the soil particles is rather slow, especially for those 372
PAHs with higher molecular weights and hydrophobicity. In addition, intra-particle 373 diffusion needs to be considered because of the ageing of the pollutants in the soil. 374
These factors indicate that only a minor fraction of the 3-or 4-ring PAHs will desorb 375 from the aged contaminated soil within 20 hrs, the extraction time used in this study. 376
Extraction will be much more difficult in the case of 5-and 6-ring PAHs, with higher 378 molecular weights and hydrophobicity (log Kow from 6.20 to 6.70), and with a much 379 greater tendency to remain adsorbed to the hydrophobic surfaces of the soil. In addition, 380
for 5-and 6-ring PAHs, the formation of inclusion complexes (even with HP-γ-CD, the 381 most voluminous CD used in this study) is extremely difficult owing to steric hindrance, 382 which limits the penetration of the guest molecules into the CD cavity. However, 5-ring 383
PAHs studied (benzobfluoranthene, benzokfluoranthene, benzoapyrene, dibenzo 384 a,h anthracene) could to be extracted by some of the CDs studied but in quite small 385 percentages (<3%). It is most likely possible because in all them one of the ends is 386 narrower than the rest of the molecule (see PAH molecular structures in Figure S2 of 387 the Supplementary Data). The interaction with the CDs could occur through this 388 narrower region, which could be partially inserted in the hydrophobic CD cavity. The 389 fact that RAMEB is the CD that was able to extract the four 5-ring PAHs (Figure 2 ) 390 despite having a narrower cavity than HP-γ-CD indicates that the methyl groups and 391 their arrangement permit a closer interaction with these PAHs, and this interaction is not 392 favoured by the hydroxypropyl groups of HP-β-CD or HP-γ-CD. Six-ring PAHs are too 393 voluminous to interact with the hydrophobic cavities of the CDs, and none of them 394 could be extracted. The data presented in Table 2 and Figure 2 show that no 6-ring 395
PAHs and only about 0.15 %, 1.07 % and a 0.62 % of 5-ring PAHs were removed when 396 using HP-β-CD, RAMEB and HP-γ-CD solutions as extracting agents, respectively. 397
These results are related not only to the possibility of complex formation with CDs, but 398 also to the hydrophobicity of these compounds: PAHs with a greater number of 399 aromatic rings in their structures are more hydrophobic and are more strongly adsorbed 400 by soil, and they are less likely to transfer to the aqueous phase (Gao et al., 2009). 401
402
The results presented in Table 2 PAHs extraction percentages when using aqueous solutions of HP-β-CD and RAMEB 467 were similar and the most efficient, it seems to indicate that this extraction was more 468 than sufficient to extract the bioavailable PAHs, and those that were not extracted are 469 not potentially toxic to the environment (Reichemberg et al., 2010) . Therefore, the 470 PAHs extracted from the contaminated soil when using these CDs are only those that 471
can have an adverse effect on the environment and on living organisms. 472 473 474
Conclusions 475 476
The results presented in this study show that, an useful and interesting tool for the 477 decontamination of aged soils polluted by PAHs could be the treatment with CDa greater proportion of the PAH contaminants than did HP-γ-CD or the natural β-CD. 480
Among the sixteen selected PAHs, the highest extraction percentages were obtained for 481 the 3-ring PAHs, due to the more appropriate size and shape of these compounds with 482 respect to the cavity dimensions of the CDs studied. Taking into account that 3-ring 483
PAHs were the most abundant in the contaminated soil studied, the use of these CD 484 derivatives in soil remediation would allow the extraction of higher percentages of these 485 more abundant PAHs. The extractable fraction of PAH was inversely correlated to the 486 number of benzene rings and the octanol-water partition coefficient, but the PAHs that 487
were not extracted by the more effective CDs almost certainly are not bioavailable and, 488 therefore, they are not potentially toxic to the environment. The enhanced solubility 489 and, therefore, enhanced extraction of PAHs when using some of the studied CDs 
